Seedlings must continually calibrate their growth in response to the environment. Auxin and 2 brassinosteroids (BRs) are plant hormones that work together to control growth responses during 3 photomorphogenesis. We used our previous analysis of promoter architecture in an auxin and BR 4 target gene to guide our investigation into the broader molecular bases and biological relevance 5 of transcriptional co-regulation by these hormones. We found that the auxin-regulated 6 transcription factor AUXIN RESPONSIVE FACTOR 5 (ARF5) and the brassinosteroid-7 regulated transcription factor BRI1-EMS-SUPPRESOR 1/BRASSINOZOLERESISTANT 2 8 (BES1) co-regulated a subset of growth promoting genes via conserved bipartite cis-regulatory 9 elements. Moreover, ARF5 binding to DNA could be enriched by increasing BES1 levels. The 1 0 evolutionary loss of bipartite elements in promoters results in loss of hormone responsiveness.
DNaseI on columns (Qiagen, DNASE70) and lµg of eluted RNA was used for complementary 1 1 7 DNA (cDNA) synthesis using iScript . Samples were analyzed using SYBR 1 1 8
Green Supermix reactions run in a CFX96 Optical Reaction Module (Bio-1 1 9 Rad). Expression for each gene was calculated using the formula [62] (Etarget)-ΔCPtarget 1 2 0 (control-sample)/(Eref)-ΔCPref (control-sample) and normalized to a reference housekeeping 1 2 1 gene (At1g13320). Primer for RT-qPCR analysis were designed by QuantPrime program. Primer 1 2 2 sequences are listed in Table S2 . 7-day-old (D8) seedlings were treated with mock (80% ethanol), 50µM IAA and 1µM BL in 1 2 5 liquid 0.5xLS on plate and collected after 3h, similar to sample preparation for RT-qPCR. GUS 1 2 6 staining was performed as previously described [63] using 1mM Ferri/Ferro concentration for 1 2 7
1.5h at 37°C in the dark. Seedlings were mounted on glass slides in 50% glycerol. Images were 1 2 8 taken using Leica microscope and whole seedling images were reconstructed using MosaicJ was stopped by infiltrating in 0.125M room temperature glycine solution. Seedlings were 1 3 5 subsequently frozen in liquid nitrogen and ground to a fine powder with mortar and pestle. mM MgCl2, 5% Dextran T-40, 2.5% Ficoll, 20 mM b-mercaptoethanol, and mini-Complete remainder was subjected to immunoprecipitation. Dynabeads protein A (Invitrogen, 100-02D) 1 4 5 coupled with anti-GFP (Ab290, Abcam) antibody were used to enrich for ARF5 PRO ::ARF5:GFP 1 4 6 or BES1 PRO ::BES1:GFP containing chromatin fragments. Samples were washed and eluted off 1 4 7 of Dynabeads using nuclei lysis buffer, and cross-links were reversed by incubating with 300 1 4 8 mM NaCl. DNA was purified using a PCR clean-up kit (Qiagen, 28104). Low Adhesive 1 4 9
Dnase/RNase free tubes (Bioplastics, B74030) were used for all the procedures. ChIP-qPCR 1 5 0 assay data was normalized to housekeeping gene (At1g13320) coding sequence, and results are without antibody in reporter lines ( Figure S1 ). ChIP-qPCR results represent the average of at Supplemental Table S2 . BRs enhance seedling sensitivity to auxin [22] . To test the extent to which this effect of BR on 1 5 9 auxin response is mediated by BES1, we exposed seedlings with wild-type or constitutively 1 6 0 active BES1 to the synthetic auxin picloram (Figure1A). As previously described, bes1-D 1 6 1 hypocotyls were longer than those of wild-type seedlings ( Figure 1A ; [13]); however, the 1 6 2 application of synthetic auxin, picloram, strongly exaggerated the difference in hypocotyl length 1 6 3 between bes1-D mutant and wild-type plants. Based on previous results using the SAUR15 1 6 4 promoter [30], we hypothesized that increased BES1 activity led to auxin hypersensitivity by 1 6 5 enhancing DNA binding of ARF5 to promoters with bipartite-type cis-elements. Using the large list of BES1 targets generated by ChIP-seq and microarray analysis [16], we 1 6 8 focused on the subset of targets with putative bipartite elements in their promoters. Ten genes 1 6 9
were selected based on the following criteria: being targets of ARF5 or BES1 [16, 31] , having 1 7 0 evidence of their expression regulated by auxin or BRs [21, 32] , and functional information 1 7 1 and/or mutant phenotypes. We validated these candidate genes and the bipartite elements in their be the strongest candidates for further analysis ( Figure S1 ). To test whether BES1 enhances 1 7 7 DNA-binding of ARF5, we crossed ARF5 PRO ::ARF5:GFP line to bes1-D mutant. Increased 1 7 8 BES1 activity did increase DNA binding by ARF5 in most cases ( Figure 1B ). alleles for each member of the BES1/BZR1/BEH family [33] . In these T-DNA insertion lines, 1 8 9
we measured hypocotyl elongation in the absence or presence of BL or picloram. Hypocotyl 1 9 0 response to BL was modestly reduced only in bes1-2, bzr1-2 and beh4-1 single mutants ( Figure   1 9 1 S2), while the response to picloram was not affected significantly in any of single mutants 1 9 2 ( Figure S3 ). Based on these findings, we selected bes1-2 beh4-1 and bes1-2 bzr1-2 double 1 9 3 mutants for further investigation. bes1-2 beh4-1 double mutants are dwarfs that resemble known 1 9 4 mutants with compromised BR synthesis or signaling (Figure 2A ). They also show dramatically addition, rosettes of bes1-2 beh4-1 resembled bin2-D mutants where activity of the entire 1 9 7 BES1/BZR1/BEH family should be suppressed (Figure 2A ). In contrast, bes1-2 bzr1-2 double 1 9 8 mutants had an essentially wild-type response to picloram, but significant reduction in BR 1 9 9 sensitivity ( Figure S4 ). We used RT-qPCR to investigate the effect of BES1 on bipartite target gene expression (XTH19, 2 0 3 IAA6, LNG1 and PIF7). Single mutants of bes1-2 and beh4-1 did not have significant effect on XTH19 and IAA6; while both hormones modestly repressed the expression of PIF7 ( Figure 3B ). The hormone responsiveness of those genes was affected by BES1/BEH4 status ( Figure 3C ). We further investigated the role of bipartite target genes in BR and auxin induced elongation 2 1 3 responses. We analyzed single knockout alleles of xth17, lng1-3 and pif7-2. Since XTH19 had no 2 1 4 available loss-of-function mutant, we analyzed a mutant in XTH17, part of the same XTH17-20 2 1 5 gene cluster whose members act redundantly with one another [34, 35] . XTH17 promoter also 2 1 6 carried a conserved bipartite element, and its expression followed a similar pattern as XTH19 in 2 1 7 our RT-qPCR analysis ( Figure 4B ). The hypocotyls of all three mutants tended to be shorter than 2 1 8 those in wild-type seedlings in control (mock) conditions. In the presence of picloram, these 2 1 9 effects became more obvious ( Figure 3D ). belong to large gene families. In the case of XTH19, we observed that the expression of at least 2 2 5 three genes in the same clade (XTH17-19) were similarly affected by BES1, as well as treatment 2 2 6 with BR or auxin (Figures 4B and C) . We reasoned that these similar transcriptional patterns 2 2 7 across paralogs might be due to shared promoter architecture. Previously, it was documented that 2 2 8 XTH17-20 cluster has a specific motif conservation within the promoter region [34] . We found 2 2 9 that this conserved motif includes the bipartite element we found in XTH19 promoter ( Figure   2 3 0 4A). Similar promoter architecture is also observed for group of so-called SAUR class 2 and 3 2 3 1 that are expressed in hypocotyls [36] . 17 out of 30 genes in this group harbor bipartite elements 2 3 2 within 250bp upstream of the transcription start, and all of these have been shown to be regulated 2 3 3 by BR and auxin (Table S1 ). We predicted that the absence of bipartite element would 2 3 4 compromise hormone responsiveness of target genes. In fact, no hormonal responses to either 2 3 5 BL or IAA was observed for several XTHs closely related to XTH17-19 cluster, such as XTH14, 2 3 6 31 and 32, in which either HUD or AuxRE elements were lost. XTH31 expression was still 2 3 7 responsive to BL, likely due to a retained HUD element at -900bp. XTH26 has conserved 2 3 8 bipartite element and was included as a positive control. Despite its low expression levels, 2 3 9 XTH26 was repressed by both hormones. In previous work focused on characterization of the XTH17-20 cluster, Vissenber and colleagues 2 4 2 generated a set of transgenic lines of promoter truncations fused to GUS. We tested full-length abolished reporter gene expression and hormone responsiveness ( Figure S6 ). These data suggest 2 4 9 that bipartite elements in XTH19 promoter are important for its proper expression level, pattern 2 5 0 and hormone-sensitivity. conditions. In this study, we provide molecular mechanism for how two well-characterized 2 5 6 regulators of photomorphogenesis, auxin and BRs, converge in a tunable bipartite transcriptional 2 5 7 module to promote growth. We have shown that BES1 and BEH4, but not BZR1, play a major role in BR and auxin 2 6 0 responsiveness in young seedlings. These results are consistent with a recent study that found 2 6 1 that BEH4 acts redundantly with BES1 in controlling hypocotyl length robustness in dark-grown 2 6 2 seedlings [33] . BES1 is also temperature sensitive, a trait regulated by auxin [37, 38] . It is likely 2 6 3 that other family members, such as BZR1, play growth-promoting roles at other stages or under 2 6 4 other conditions. Consistent with this hypothesis, ChIP-seq analyses of BES1 and BZR1, overlap in target promoters [15, 16] . BES1 and BZR1 show differential interaction with the 2 6 7 chaperone HSP90 [37] which may facilitate interactions with distinct cell type-or stage-specific 2 6 8 partners. Cooperative binding and activity of BR-regulated transcription factors appear to be a recurrent 2 7 1 motif in plant signaling. Our group previously found that the interaction between auxin and BR 2 7 2 relies on two cis-elements, a bipartite element that contains AuxRE and HUD-type E-box 2 7 3 elements bound by ARF5 and BES1, respectively [30] . Here, we show that specific mutations of In addition, both BES1 and BZR1 interact with the bHLH transcription factor PIF4 and bind to 2 7 9 E-box elements to co-activate target promoters [40]. The switch between different cMT orientations can be triggered by various endogenous and 2 9 1 exogenous signals that are known to modulate growth, including light and various hormones results in inhibition of hypocotyl growth ( Figure 3D ). In addition, the functionally redundant We propose that the ARF5-BES1/BEH4 transcriptional hub rapidly and coordinately modulates 3 0 7 a suite of growth control genes ( Figure 6 ). This module can serve as an integration point for This work was supported by the National Institutes of Health (R01-GM107084). We thank Dr. Table S1. List of SAUR genes with bipartite elements. Table S2 . List and nucleotide sequence of primers used in this work. synthetic auxin picloram (PIC). Open symbols are seedlings exposed to control treatments, and 3 4 4 closed symbols are hormone treated samples. bes1-D was significantly taller than WT on D4-3 4 5 under mock and treated conditions. bes1-D was significantly longer than WT on D4-8 Asterisks bin2-D, bes1-2 beh4, bes1-2 and beh4-1 mutants grown in short day conditions. Hypocotyl shown. qPCR analysis of several XTH gene expression in 7-day-old seedlings in response to shown ± SE. ** refers to p value< 0.01, * to p value< 0.05. Bipartite elements allow ARF5, BES1 and BEH4 to work together as a transcriptional module to 3 9 1 connect expression of a suite of growth-promoting genes to specific environmental conditions. 
